The central nucleus of the inferior colliculus (ICC) receives inputs from all parts of the auditory brainstem and transmits the information to the forebrain. Fibrodendritic laminae of the ICC provide a structural basis for a tonotopic organization, and the interaction of inputs within a single layer is important for ICC processing. Transverse slice planes of the ICC sever the layers and many of the ascending axons that enter through the lateral lemniscus. Consequently, the activity initiated within a lamina by a pure lemniscal stimulus is not well characterized. Here, we use a slice plane that maintains the integrity of the laminae in ICC and allows the axons in the lateral lemniscus to be stimulated at a distance from the ICC. We examined both the postsynaptic currents and potentials of the same neurons to lemniscal stimuli in this laminar brain slice. Our main finding is that lemniscal stimulation evokes prolonged synaptic potentials in ICC neurons. Synaptic potential amplitudes and durations increase with lemniscal shock strength. In õ50% of ICC neurons, the postsynaptic potential is equal in duration to the postsynaptic current, whereas in the remaining neurons it is three to four times longer. Synaptic responses to single shocks or shock trains exhibit plateau potentials that enable sustained firing in ICC neurons. Plateau potentials are evoked by N-methyl-D-aspartate (NMDA) receptor activation, and their amplitudes and durations are regulated by both NMDA-R and gamma-aminobutyric acid A (GABA A )-R activation. These data suggest that in the intact laminae of the ICC, lemniscal inputs initiate sustained firing through monosynaptic and polysynaptic NMDA-mediated synapses regulated by GABA A synapses.
INTRODUCTION
The central nucleus of the inferior colliculus (ICC) is a critical part of the central auditory pathway. Axons from virtually every part of the lower auditory brainstem ascend to the lateral lemniscus and synapse on neurons of the ICC (Oliver and Huerta 1992; Oliver 2000; Loftus et al. 2004) . Major excitatory synaptic inputs to ICC neurons come from the dorsal and ventral cochlear nuclei and the medial and lateral superior olive. At the same time, ICC neurons receive ascending inhibitory inputs from the lateral superior olive and the nuclei of the lateral lemniscus (Adams 1979; Saint Marie et al. 1989; Shneiderman et al. 1993; Riquelme et al. 2001 ). This combination of excitatory and inhibitory inputs ascending through the lateral lemniscus is one of several unique and important characteristics of the ICC.
The activation of excitatory and inhibitory synapses on ICC neurons during sound stimulation has been demonstrated by a few intracellular and wholecell recordings from ICC neurons in vivo (Torterolo et al. 1995; Covey et al. 1996; Kuwada et al. 1997; Pedemonte et al. 1997) ; however, most studies on excitation and inhibition in ICC have relied on extracellular recording techniques (Faingold et al. 1993; Park and Pollak 1993a, b; Le Beau et al. 1996 ; Palombi and Caspary 1996; Casseday et al. 2000; Sivaramakrishnan et al. 2004) . Experiments in brain slices offer a controlled environment for the activation of synaptic inputs to ICC neurons and have allowed the pharmacological isolation and identification of specific synaptic currents (Moore et al. 1998; Ma et al. 2002a, b; Wu et al. 2002 Wu et al. , 2004 .
Fibrodendritic layers of ICC (Morest and Oliver 1984; Faye-Lund and Osen 1985) provide a structural basis for a tonotopic organization (Schreiner and Langner 1997) . The layers are composed of the dendrites of highly oriented, flat, disk-shaped neurons (Morest and Oliver 1984; Malmierca et al. 1993) , the main cell type in ICC, and parallel axons (Fig. 1) . The main inputs to the layers are the axons from the lateral lemniscus. Because of the narrow width, but long length and height of each layer, the inputs to one layer may synapse on an array of neurons in that layer (Fig. 1D ). The layers in ICC also contain local axons from other ICC neurons that interconnect most neurons in that layer (Fig. 1D) ; (Oliver et al. 1991) .
ICC laminae complicate the study of synaptic physiology. Most brain slice experiments in the rat ICC have been performed on transverse slices (Smith 1992; Li et al. 1994 Li et al. , 1998 Li et al. , 1999 Bal et al. 2002; Kraushaar and Backus 2002; Ma et al. 2002a, b; Wu et al. 2002; N'Gouemo and Morad 2003; Wu et al. 2004) , cut roughly perpendicular to the ICC layers. Because that plane cuts the laminae, it is likely to sever the dendrites of the flat cells and will cut many inputs to the ICC, particularly those entering from the lateral lemniscus. This has not been a problem for previous studies focused on the dorsal cortex of IC, because commissural inputs were not cut (Smith 1992; Li et al. 1994 Li et al. , 1998 Li et al. , 1999 . When using the transverse plane, the stimulating electrodes must be placed inside the ventrolateral part of ICC (Wu et al. 2002 (Wu et al. , 2004 or just outside it (Wagner, 1996; Moore et al. 1998 ). This makes it likely that local IC axons are directly stimulated in addition to axons from the lateral lemniscus.
Stimulation of the axons in the lateral lemniscus is required in studying the inputs to ICC. Here, we use a new slice plane, called the laminar plane, to examine the events initiated by the axons of the lateral lemniscus that terminate in a single layer of ICC. Our observations include the synaptic currents, postsynaptic potentials, and the firing patterns of neurons that occur within an ICC lamina. Our results suggest that the sustained firing of ICC neurons requires prolonged NMDA-mediated plateau potentials that are initiated by lemniscal inputs, and these are regulated by GABA A inputs.
MATERIALS AND METHODS
Long-Evans rats, 11-17 days old, were used for this study. During this postnatal period, we did not observe systematic changes in synaptic responses and neuronal firing patterns with age, and the pharmacological agents used appeared to be equally effective at 11 and 17 postnatal days. Experiments were carried out in accordance with NIH Guidelines and protocols approved by the Animal Care Committee of the University of Connecticut Health Center.
Rats were anesthetized with a mixture of ketamine/xylazine and then decapitated. A block containing the ICC was removed from the brain with two transverse cuts. Two additional cuts were made, a cut parallel to the lateral lemniscus in the parasagittal plane and a second one at 45-to the sagittal plane, parallel to the laminae of the ICC (Fig. 1A , dotted lines). The cut surface was oriented so that the lemniscus and ICC were in the same plane (Fig. 1B) and glued onto the stage of a Vibratome (Ted Pella, USA). Brain slices of 300-mm thickness were cut, and then allowed to recover for an hour in warm (35-C), oxygenated (95% O 2 /5% CO 2 ) saline. For recording, individual slices were transferred to a Peltier-driven slice chamber (model PSMI; Medical Systems, USA) fixed to the stage of an upright microscope (Zeiss Axioskop) fitted with a water immersion objective (Â40/NA 0.75) and differential interference optics. Experiments were carried out at 35-C, and the slice was continuously superfused with oxygenated saline (in mM: 120 NaCl, 5 KCl, 2.4 CaCl 2 , 1.3 MgSO 4 , 1 KH 2 PO4, 26 NaHCO 3 , 25 glucose, pH 7.3). An antagonist of NMDA receptors (D,L-5-amino-phosphonovaleric acid, APV, 20-100 mM), an antagonist of AMPA receptors [2,3-dihydroxy-6-nitro-7-sulfamoylbenzo (F) quinoxaline, NBQX, 10 mM], and an antagonist of GABA A receptors (bicuculline, 10-50 mM), were obtained from Sigma-Aldrich, dissolved in the external saline, and bath applied. The concentration of bicuculline used did not cause changes in resting membrane potentials. Bicuculline also affects apamin-sensitive, calcium-activated potassium channels (Khawaled et al. 1999) . Because these channels are found in the ICC (Sivaramakrishnan and Oliver 2001) , we tested the effect of bicuculline on firing patterns across cell types. At the concentrations used, bicuculline did not affect interspike intervals or rates of firing evoked by 600 ms current steps injected into the soma (n = 15).
Whole-cell patch-clamp techniques were used in current-clamp and voltage-clamp modes on the same cell. Recordings were made with patch pipettes of 5-7 MM resistance made from borosilicate glass (K i max , 1.5 mm O.D.). Pipettes were filled with a solution containing the following (in mM): 120 K Gluconate, 5 NaCl, 2 EGTA, 0.1 CaCl 2 , 5 Mg-ATP, 0.3 Na-GTP, 10 HEPES, pH 7.3. In some instances, 10 mM QX-314 was added to the internal solution to block voltagedependent sodium channels and prevent spiking. An EPC-8 amplifier (HEKA Elektroniks/Instrutech Corporation) was used for both current-and voltageclamp recordings and PClamp software (Axon Instruments, Foster City, CA, USA) was used for data collection and analyses. Junction potentials between the ground and recording electrodes as well as liquid junction potentials between the pipette and external solutions (+10 mV) were compensated before the whole-cell patch mode was established. Series resistances were generally 12-18 MM and were compensated by 80-85%. Recordings with higher series resistances or lower compensation were not included in the analyses. Data were filtered at 5 kHz during acquisition. Synaptic activity was evoked by stimulating the lateral lemniscus with an extracellular bipolar tungsten electrode placed on the nerve bundle ventral to the inferior colliculus (Fig. 1C) .
Before study with synaptic stimulation, all neurons were tested with intracellular injection of current under current clamp mode to identify discharge patterns related to different intrinsic membrane properties (Sivaramakrishnan and Oliver 2001) . Responses to depolarizing currents were previously defined as regular, adapting, or transient. Responses to hyperpolarizing or prehyperpolarizing currents were defined previously as rebound, nonrebound, or pause-build.
RESULTS

Responses to single shocks in the laminar slice plane
Single electrical shocks (0.2-0.5 ms) to the lateral lemniscus in the laminar brain slice (see Fig. 1C for electrode placement) evoked net excitatory synaptic activity that increased in duration and amplitude with increasing stimulus levels. Lemniscal stimulation evoked a net excitatory postsynaptic potential (PSP) (Fig. 2A) . In recordings with QX-314 in the internal solution (n = 7), the PSP durations and amplitudes can be seen clearly because the action potentials are blocked. For example, in the neuron illustrated in Figure 2A , the duration of the smallest PSP evoked by a low shock strength was 200 ms, and the largest PSP evoked by the maximum shock strength used lasted for over 1 s ( Figs. 2A-B) . A prolonged plateau phase ( Fig. 2A , arrow, top trace) was often observed during the larger PSPs in this and other neurons.
Recordings without QX-314 in a larger population of neurons (n = 81) showed a similar net excitatory PSP. Most cells (77/81) exhibited only depolarizing PSPs to single shocks, whereas others exhibited a small hyperpolarizing PSP either leading or following a depolarizing PSP. At low shock strengths, PSPs had durations at least 50-75 ms.
An increase in the duration and amplitude of postsynaptic currents (PSCs) was also observed in ICC neurons as the number of lemniscal inputs increased with higher-strength stimulus levels. These PSCs were inward when the cell was held at its normal resting potential (usually _ 50 to _ 60 mV). At high stimulus strengths, these inward PSCs were much larger than would be expected for IPSCs alone (IPSCs were õ250 pA; see Fig. 4 ), demonstrating that the net input balance shifted toward excitation as more inputs were recruited. The increase in PSC amplitude and duration occurred in all ICC neurons examined (n = 63), and it was partly attributable to a summation of temporally separate inputs that occurred with increasing shock strength. For example, Figure 2C (top trace) shows temporally distinct PSCs at the lowest shock level that merge when higher shock levels were used (Fig. 2C , second and third traces from top). Increasing levels of stimulation further lengthened the duration of the PSC and increased the amplitude. This occurred in all ICC neurons examined (n = 63).
Input-output relationships
To investigate the relationship of the membrane potential to the input, we compared the PSC (input) and the PSP (output) evoked by the same stimulus and at the same holding and resting potentials.
Ratios of the PSP to the PSC durations were calculated as the slope of the paired measurements made over the full range of stimulus strengths in a single neuron. Figure 3 illustrates the input-output functions for the three ICC neuron types: sustainedregular, rebound-adapting, and rebound-transient, identified by their responses to depolarizing and hyperpolarizing current injections (Fig. 3Ai ). These cell types make up 19%, 25%, and 21%, respectively, of the total neuron population in the ICC (Sivaramakrishnan and Oliver 2001).
ICC neurons responded in one of two modes. Some neurons had PSP durations that were three to four times longer than the PSC durations. For example, sustained regular (SR) neurons had PSP durations that exceeded the PSC duration at both high and low shock strengths ( Fig. 3Aii-iii ) and the sustained firing of action potentials also extended beyond the PSC (Fig. 3Aii , left column, upper trace). PSP durations in SR cells were a steep function of PSC duration (slope of 3) (Fig. 3Bi , n = 8), and the total duration of spiking was about twice as long as PSC duration ( Fig. 3C , triangles; slope of 2; n = 8). Pause-build cells (Sivaramakrishnan and Oliver 2001) showed similarly steep input-output functions (n = 13; data not shown).
In contrast, in other ICC neurons, PSP and PSC durations were similar. For example, rebound-adapting (RA) and rebound-transient (RT) neurons had similar PSP and PSC durations at both subthreshold (Fig. 3Aiii , middle and right columns, respectively; lower traces) and suprathreshold stimulus levels (Fig. 3Aii , middle and right columns, respectively; upper traces). Such neurons had PSP/PSC slopes near 1 (Fig. 3Bii , RA n = 11; Fig. 3Biii , RT n = 6). As predicted from the PSP/PSC ratio, the duration of spiking was roughly equal to the duration of the PSC in these cells ( Fig. 3C , circles; slope of 1).
ICC cell types exhibit differences in input resistance. For example, sustained-regular cells have input resistances of õ300 M4, whereas the rebound class of neurons has a lower input resistance (õ110 M4) (Peruzzi et al. 2000) . Measurements of passive membrane time constants showed parallel differ- Comparison of the total duration of spiking with the PSC duration for one cell of each type. PSCs were randomly selected and the corresponding responses in current-clamp used for the total spike duration. Neuron labels assigned according to previously characterized responses to current injection (Sivaramakrishnan and Oliver, 2001 Fig. 3D , bottom panel) to a high of 33 T 6 ms (SD) in sustained-regular cells (n = 38; Fig. 3D, bottom panel) . We examined the correlation between membrane time constants and the slopes of the output/input curves for the different ICC cell types (Fig. 3E) . The output/input slope showed a general tendency to increase with the time constant, thus cells with longer time constants, such as the sustained-regular and pause-build cells, exhibited prolonged outputs, whereas rebound cells with shorter time constants had shorter duration outputs. To examine how time constant affects the output/input ratio, we determined the slope of a linear fit of the relationship. The regression of the linear fit (r) was 0.94 and its square (r 2 ) was 0.88. This suggests that the passive membrane time constant is the predominant factor (88%) in determining the duration of the output of ICC neurons, at least when synaptic activity is evoked with single lemniscal shocks; however, other factors such as ion conductances activated during synaptic input also affect the output duration.
Components of the synaptic input to ICC
Although the net evoked PSP to a single lemniscal shock in the laminar slice was predominantly excitatory, it did not preclude the activation of inhibitory inputs. ICC neurons showed evidence of both inhibitory and excitatory inputs. Background activity observed in the absence of lemniscal stimulation commonly consisted of inhibitory synaptic potentials, subthreshold excitatory potentials, and action potentials (Fig. 4A ). Inhibitory potentials (Fig. 4A , asterisks) could be seen alone, preceding or following action potentials, or in mixtures of excitatory and inhibitory potentials.
ICC neurons contain glutamatergic AMPA and NMDA receptors and inhibitory GABA A receptors (Ma et al. 2002a; Wu et al. 2004) . We therefore examined the shaping of lemniscally evoked synaptic responses by excitatory and inhibitory inputs by means of selectively blocking AMPA, NMDA, and GABA A receptors. PSCs recorded under control conditions generally exhibited more than one component (Fig. 4B, bottom traces, asterisks) . The NMDA-R antagonist APV (100 mM) decreased PSC amplitude and duration (Fig. 4B , bottom traces; n = 41). These effects were observed at holding potentials of _ 60 mV and indicate that NMDA receptors were activated at these relatively negative potentials.
PSCs remaining in APV were abolished by the AMPA receptor antagonist NBQX (not shown here, but see Moore et al. 1998; Wu et al. 2004) . Inhibitory (outward) PSCs were not observed at these holding potentials, but were apparent at slightly more positive holding potentials (9 _ 55 mV; Fig. 4B, top trace) . In most cases, they were abolished by the GABA A antagonist, bicuculline.
Blocking GABA A receptors greatly increased the amplitude and duration of both the PSCs and PSPs seen after lemniscal stimulation. For example, Figure  4C shows both the potentials and currents from the same neuron after a single lemniscal shock. The same strength shock produced larger and more prolonged PSPs (Fig. 4C, top) and PSCs (Fig. 4C , bottom) in bicuculline than in control conditions. At maximum shock strengths, PSP amplitudes averaged across neurons increased by õ160% in bicuculline. In normal saline they were 30 T 6 mV (n = 55) and were 48 T 8 mV in 30 mM bicuculline (n = 30). PSP durations increased by õ200% (852 T 186 ms in normal saline and 2.85 T 0.6 s in bicuculline). In addition to the increase in amplitude and duration, PSPs in bicuculline were characterized by a pro- 
NMDA shapes sustained firing in ICC neurons
NMDA synapses in ICC neurons were active at _ 60 mV and gave rise to subthreshold PSPs at these potentials (n = 16). Figure 5Ai illustrates the response of an ICC neuron to a lemniscal shock that evoked spiking in normal saline. When AMPA receptors were blocked with NBQX, the spiking was abolished, but a subthreshold PSP remained at the resting potential (Fig. 5Aii) . This PSP was blocked by the NMDA-R antagonist APV (100 mM) (Fig. 5Aiii) . These results indicate that, at a resting membrane potential of _ 60 mV, both NMDA and AMPA receptors are activated by lemniscal stimulation. Blocking NMDA receptors limited lemniscally evoked sustained firing in ICC neurons. A sustained response evoked in normal saline (Fig. 5Bi ) was reduced to an onset response in the presence of 100 mM APV (Fig. 5Bii) . Further addition of NBQX abolished both the excitatory PSP and the single spike, and PSPs remaining in glutamatergic antagonists were predominantly inhibitory (Fig. 5Biii) . The remaining PSP was sensitive to bicuculline (Fig. 5Biv) . These results were observed in all ICC neurons tested (n =42) and indicate that NMDA-mediated synaptic transmission mediates the long-duration PSP and enables sustained firing, whereas AMPA-mediated transmission appears to produce a shorter PSP that enables onset but not sustained responses to lemniscal stimulation. The prolonged plateau phase characteristic of the NMDA-mediated synaptic potential suggests that polysynaptic components are involved.
Interaction of NMDA and GABA A receptors to regulate sustained firing
When GABA A synapses were blocked, the unopposed activation of AMPA and NMDA receptors resulted in very large synaptic potentials that caused depolarization block and thus abolished firing. Figure 6 illustrates recordings from a cell in which lowintensity lemniscal stimulation evoked small, short PSPs and minimal firing in an ICC neuron in normal saline (Fig. 6Ai) . The evoked PSP was greatly enhanced both in amplitude and duration when bicuculline was added to the bath (Fig. 6Aii , n = 36). In this cell, the peak PSP amplitude and its total duration in normal saline were 11 mV and 320 ms, respectively (Fig. 6Ai) , and 48 mV and 1690 ms in bicuculline (Fig. 6Aii) . Firing during this large PSP in bicuculline was restricted to one or two shortened spikes at the beginning of the PSP, followed by a complete depolarization block during the rest of the PSP (Fig. 6Aii) .
If NMDA receptors were partially blocked with 50 mM APV, the PSP observed in bicuculline (Fig. 6Aii ) decreased in duration and amplitude, and spiking was partially restored (Fig. 6Aiii) . The bicuculline + 50 mM APV solution slightly decreased the peak PSP amplitude (48 to 44 mV), but had a noticeable effect on the total duration of the PSP (1690 to 865 ms) as well as the duration of the plateau phase (from 725 to 315 ms) (Fig. 6Aiii) . The decrease in amplitude and duration of the plateau potential was accompanied by a return of multiple spikes during the first 100-300 ms of the PSP as well as during its decay (Fig. 6Aiii) .
The effect of APV on PSP duration and firing pattern was dependent on its concentration. Thus, when GABA A receptors were blocked and the APV concentration was increased to 100 mM, the duration of the PSP decreased further (from 865 ms in 50 mM APV to 660 ms in 100 mM APV) and the plateau potential was absent (Fig. 6Aiii) . Because bicuculline SIVARAMAKRISHNAN AND OLIVER: Lemniscal Stimulation in Laminar IC Sliceswas present, the peak PSP amplitude was larger than in control conditions, but the lack of a plateau depolarization completely abolished sustained activity, and only an onset response remained (Fig. 6Aiv) . Figure  6B summarizes the effects of bicuculline and APV on PSP duration in 24 neurons. Blocking GABA A receptors causes a fivefold increase in PSP duration, and the block of NMDA receptors by 100 mM APV counteracts this increased duration by õ50%.
Bicuculline and APV also affected the first spike latency (latency between the lemniscus stimulus artifact and the first spike in the ICC neuron). Figure  6C shows first spike latencies for the neuron in Figure  6A . Under control conditions, this latency was 118.2 ms (Fig. 6Ci) . It decreased considerably, to 5 ms, in bicuculline (Fig. 6Cii) , and increased slightly, to 17.5 ms, when APV was also present (Fig. 6Ciii) . In 14 cells measured, first spike latencies, at shock strengths that evoked subthreshold PSPs under control conditions, changed from 102 T 26 ms under control conditions to 7 T 3.2 ms in bicuculline and 23 T 8 ms in APV. These changes in first spike latency are associated with changes in peak amplitude of the PSP under different conditions; thus, the slowly rising, smaller PSP evoked under control conditions produced a long latency response, whereas the rapidly rising, large PSP obtained in bicuculline, produced the shortest first spike latency. The PSP evoked in bicuculline in the presence of a partial block of NMDA-Rs by 50 mM APV had a lower peak amplitude than in bicuculline alone, thus the first spike latency was longer. A decrease in first spike latency in ICC in the presence of bicuculline has been shown to occur during sound stimulation in vivo (Pollak and Park 1993; Sivaramakrishnan et al. 2004) .
GABA A receptor activation altered the voltage dependence of NMDA-mediated firing. When AMPA receptors were blocked with NBQX, subthreshold NMDA-mediated PSPs were observed at _ 60 mV (Fig.  7A, top trace) . Changing the resting potential of the cell changed the amplitude and duration of the PSP as well as the firing pattern. The same shock strength that produced a subthreshold PSP at _ 60 mV (Fig.  7A , top trace) evoked sustained responses at _ 50 and _ 40 mV (Fig. 7A , second and third traces from top) and depolarization block at _ 30 mV (Fig. 7A , bottom trace). When GABA A receptors were blocked in addition to AMPA receptors (Fig. 7B) , PSP amplitudes were larger and depolarization block occurred at less depolarized membrane potentials (e.g., _ 50 mV; Fig. 7B , second trace from top). GABA A receptor activation caused a 20 T 4 mV shift in the membrane potential at which maximum firing occurred and decreased the slope of the voltage dependence of firing ( Fig. 7C; n = 15) .
These experiments suggest that a critical balance between NMDA and GABA A synapses is needed to maintain sustained firing in an ICC neuron during lemniscal input. In the absence of GABA A activation, NMDA-R activation causes large, prolonged depolarizations and firing block. In the complete absence of NMDA-R activation, AMPA-R mediated PSPs, although about 500 ms long, do not appear to have the plateau phase needed for sustained firing. Thus, NMDA synapses must be activated to produce a sustained response to a brief stimulus. GABA A synapses maintain the sustained response by keeping the amplitude and duration of the NMDA-mediated plateau potential below that which produces depolarization block.
Responses of ICC neurons to stimulus trains
When stimulus trains are used, response patterns were governed by a combination of train frequency and shock strength. For example, the responses of an ICC neuron are illustrated at two train frequencies, 50 Hz (Fig. 8A ) and 100 Hz (Fig. 8B) . Low shock strengths could evoke subthreshold responses throughout the train (Fig. 7Ai and inset) with responses becoming suprathreshold as shock strength was increased (Fig. 8Aii, iii) . At 50 Hz, most PSPs in the train resulted in a spike at the higher shock strengths, so that firing was sustained during the entire train (Fig. 8Aiii) . The sustained response consisted of a maximum of one spike/PSP during the train (Fig. 8Aiii) .
At 100 Hz, spiking did not occur in response to every PSP (Fig. 8Bi) . Spikes were evoked only once every 3-5 PSPs. The PSP amplitude gradually increased with each stimulus during the train until a spike was evoked; following the spike, PSP amplitudes decreased, and then increased again until the next spike occurred ( Fig. 8Bii ; n = 16). Thus, during highfrequency trains, PSP amplitudes generated by each stimulus in the train are not large enough to evoke spikes, and PSP summation is necessary for spiking. This result contrasts with the spiking patterns observed during lower frequency trains, when, at similar shock strengths, each PSP during the train is large enough to evoke spikes (e.g., Fig. 8Aiii ). ICC neurons thus appear to be able to follow lower frequency stimulus trains more faithfully.
Spikes and PSPs during stimulus trains were generally accompanied by an accumulating depolarization that increased during the train (arrows, Figs. 8Aii and Bi, iii). This depolarization was substantially reduced by the addition of 100 mM APV (compare Fig. 8Bi and iii, arrows) . The sustained firing observed during both 50-and 100-Hz trains was also abolished by 100 mM APV (e.g., Fig. 8Biii ; n = 8). Responses in APV were characterized by a single spike at the beginning of the train with little spiking during the rest of the train (Fig. 8Biii) . Similar to responses observed with single lemniscal shocks, these results indicate that the ability to generate a sustained response during a train of shocks is also dependent on the accumulating or plateau potential generated by NMDA-R activation.
DISCUSSION
We have used the laminar brain slice to examine synaptic potentials and firing patterns of ICC neurons initiated by stimulation of the lateral lemniscus. The main findings are that increasing levels of lemniscal stimulation result in excitatory postsynaptic potentials with increasing duration, amplitude, and a prominent plateau phase. The plateau potential is an NMDA-mediated potential whose amplitude and duration are regulated by GABA A activation. A similar NMDA-mediated accumulating potential is seen after stimulus trains. The plateau potential provides a sustained depolarization following or during lemniscal input, and thus enables an ICC neuron to produce sustained firing. As the duration and amplitude of the plateau potential are regulated by the balance between NMDA-R and GABA A -R activation, this balance is also primarily responsible for the sustained activity evoked by lemniscal stimulation. In half the ICC neurons examined, the synaptic potential is much longer that the synaptic current, whereas in the remaining population, the synaptic potential duration is similar to the current. These data suggest that in the intact laminae of the ICC, lemniscal inputs initiate sustained firing through monosynaptic and polysynaptic NMDA-mediated synapses regulated by GABA A synapses.
It may be difficult to drive neurons in ICC monosynaptically by stimulation of the lateral lemniscus in the transverse plane (Wagner 1996) . The laminar slice used in this study parallels the fibrodendritic laminae of the ICC, does not cut lemniscal fibers, and allows distal stimulation of the lemniscal afferents (Figs. 1B-C) . This allows monosynaptic activation of ICC neurons while avoiding the direct activation of local axons in ICC. In this sense, it is similar to the parasagittal slice frequently used in brain slice experiments of the cochlear nucleus that permits distal stimulation of the eighth nerve without direct stimulation of local axons of the cochlear nucleus (Oertel 1983) .
Factors contributing to plateau potentials and sustained firing in ICC slice
Our observations may be partially attributed to the spatial and temporal recruitment of lemniscal fibers afforded by the laminar slice plane. Previous studies of ICC in the rat, gerbil, and mouse did not report PSP durations as long as in the present report, nor did they report sustained firing in response to lemniscal stimulation (Wagner 1996; Moore et al. 1998; Ma et al. 2002a) . In the present study, the slice plane allows more of the dendritic tree to remain intact, and the lemniscal fibers that course parallel to the lamina/dendrites also remain intact. This may preserve the multiple, en passant, axodendritic synapses from lemniscal axons that terminate on ICC neurons (Oliver et al. 1995; Oliver et al. 1999) . Consequently, the stimulation of a single lemniscal axon may be more effective because more of its inputs to a single neuron may be preserved. As there are more intact lemniscal fibers to be stimulated distally, the sustained potentials and firing we observe may result from an ability to recruit more axons than in the other configuration. Thus, both increasing numbers of inputs and temporal summation of these inputs may contribute to our findings.
The preservation of local connections within a layer may be a second factor contributing to plateau potentials that support sustained firing. Connections within single layers (intralaminar) as well as connections between layers (interlaminar) have been described by Golgi and intracellular labeling techniques (Morest and Oliver 1984; Oliver et al. 1991) . In the present experiments, with the slice parallel to the layers, intralaminar connections may be especially well preserved. Although the lemniscal fibers are stimulated distal to ICC and contribute monosynaptic inputs, other lemniscally activated neurons may also contribute inputs to our recorded cells via intralaminar connections (Fig. 1D) . Future experiments are needed to separate the monosynaptic and polysynaptic inputs to ICC neurons.
A third factor contributing to sustained firing in the laminar ICC slice is the NMDA-mediated current. The net excitation that results when both excitatory and inhibitory lemniscal inputs are activated is consistent with findings that õ60% of ICC synapses have the morphology associated with glutamate synapses (reviewed in Oliver 2000). Glutamatergic synapses account for most of the depolarization after lemniscal stimulation in gerbil and mouse ICC (Wagner 1996; Moore et al. 1998 ). In the rat, the glutamatergic currents have been resolved into fast AMPA-and slow NMDA-mediated components (Ma et al. 2002a; Wu et al. 2004) . Unlike the mouse (Wagner 1996) , the NMDA component in the rat ICC is capable of activation near resting potentials (Wu et al. 2004 ; our present study), and action potentials can be produced in the absence of AMPA (Fig. 5) . The present findings show that the AMPA current contributes to onset potentials and onset firing, whereas the NMDA current contributes to the sustained component of the PSP or the accumulating depolarizations seen during single stimuli or trains of stimuli (Figs. 5, 6, 7, and 8) . The AMPA current alone is insufficient to maintain sustained firing with single lemniscal shocks or with trains of shocks.
The relative contributions of AMPA and NMDA receptors to ICC neuronal firing is likely to be affected both by the age of the experimental animal as well as by inherent technical limitations. NMDA currents are somewhat larger in young animals (Ramoa and McCormick 1994) , and some reports indicate that in the ICC, the AMPA/NMDA ratio may stabilize after postnatal day 12 (Wu et al. 2004 ). AMPA and NMDA receptor subunit expression undergo age-dependent modifications in the rat ICC. For example, the expression of the NMDA NR2D subunit, which is particularly involved with prolonged depolarizations, decreases 3 weeks after birth (Wenzel et al. 1996; Caicedo and Eybalin 1999) . Thus, NMDA-R currents are likely to be less prolonged in adults; however, in vivo studies in the rat ICC show that both AMPA and NMDA receptors are involved in auditory processing. Thus, although our results were obtained in juvenile animals, they are consistent with in vivo studies (see discussion below).
Our results indicate that the NMDA-R current is active at relatively hyperpolarized membrane potentials ( _ 60 mV). This finding might be partly attributable to the inadequate space clamp of ICC neurons; however, NMDA-R activation at resting membrane potentials occurs even when AMPA receptors are blocked (Fig. 7) , suggesting that an inadequate space clamp is not entirely responsible for this observation. A low threshold of activation is more likely to be a result of a reduced sensitivity of NMDA receptors to Mg 2+ block in juvenile animals (Kato and Yoshimura 1993).
GABA A synapses are a key factor in the regulation of the NMDA-mediated plateau potential and sustained firing. Under normal conditions, the duration of the NMDA-R potential is limited by the activation of GABA A synapses. GABAergic inhibition is more pronounced at more depolarized membrane potentials, e.g., _ 40 mV, than at rest, and it would therefore be a primary regulator of the NMDA-R response at higher potentials. If GABA A inhibition is absent, the NMDA-mediated potential can be longer, and firing may increase up to the point where the NMDA potential is so high that the cell stops firing due to depolarization block (Fig. 6Aii-iii) . This excitationinhibition balance is an important determinant of responses to sound intensity in the ICC .
Postsynaptic mechanisms are a final factor contributing to the plateau potentials and sustained firing, both with single shocks and with input trains. Measurements of the PSP/PSC ratio suggest two modes of response in ICC neurons, as half the neurons had PSPs that were three to four times longer than the PSC. Neurons in the ICC differ in terms of intrinsic membrane properties and potassium conductances (Sivaramakrishnan and Oliver 2001) as well as in the density of hyperpolarizationactivated cation currents (Koch and Grothe 2003) . Our results further indicate that an inability of ICC neurons to follow high-frequency inputs in vivo (Rees and Moller 1983; Langner and Schreiner 1988; Gooler and Feng 1992) might also result from slow membrane time constants, which prevent PSPs from reaching threshold at short interspike intervals. This suggests that the ICC is made up of cells with different combinations of passive and active mem-brane properties, which causes a mismatch between the output and the input for some neurons, but a close correlation in other neurons.
Implications for the regulation of firing in the ICC in vivo
A sustained depolarization is often seen in the ICC during intracellular recordings in vivo. An underlying depolarization is seen in response to almost every acoustic stimulus unless there is a net inhibitory IPSP (Torterolo et al. 1995; Kuwada et al. 1997; Pedemonte et al. 1997) . Likewise, spikes ride on a sustained inward current in voltage-clamp recordings in vivo (Covey et al. 1996) . These synaptic responses have not been dissected pharmacologically; however, a number of studies with extracellular recordings point to the importance of NMDA-mediated potentials for responses to sound in ICC (Burger and Pollak 1998; Zhang and Kelly 2001) . For example, when neurons with sustained responses in the adult rat are exposed to NMDA antagonists, there is a marked decrease in the later part of the response (920 ms) (Zhang and Kelly 2001) .
A prolonged depolarization produced by NMDA-R activation could serve to increase response efficiency in the ICC. Unlike a calyx or endbulb ending that has multiple active zones from only one or two presynaptic axons, many axons may converge on a single ICC neuron (Oliver et al. 1999) . Consequently, recruitment of multiple inputs is probably required to produce sustained firing to acoustic stimuli. The underlying NMDA-mediated potential may substantially increase the firing probability in ICC neurons and increase the efficiency of the system. Because of NMDA-R activation, fewer input axons may need to be recruited to evoke sustained firing in an ICC neuron. Under normal conditions, the level of NMDA activation may be mediated by GABA A receptors in the ICC, and the loss of this control mechanism may underlie seizure activity. Plateau potentials are seen in other regions of the CNS, such as the thalamus (Jahnsen and Llinas 1984), hippocampus (Dingledine et al. 1986), motorneurons (Kim and Chandler 1995) , and cortical pyramidal cells (Schwindt and Crill 1998), and they are usually associated with sustained or bursting firing patterns. Dingledine et al. (1986) performed a similar experiment in CA1 of hippocampus, where APV reduced the plateau potential of a pyramidal cell when bicuculline was present and removed the late component of the EPSP. As in ICC, the balance of excitation by NMDA receptors and inhibition due to GABA A receptors is the key mechanism to regulate hippocampal excitability (Dingledine et al. 1986 ). When regulation by GABA synapses is lost, epileptiform bursting occurs (Dingledine et al. 1986; Smith 1992; Wagner 1996) , and this may be related to pathological seizure activity in both ICC (Smith 1992; Li et al. 1994 ) and the hippocampus (Coulter 2001; Avoli et al. 2002; Nadler 2003) .
